We show that the QCD van der Waals interaction due to multiple gluon exchange provides a new kind of attractive nuclear force capable of binding heavy quarkonia to nuclei. The parameters of the potential are estimated by identifying multi-gluon exchange with the pomeron contributions to elastic meson-nucleon scattering. The gluonic potential is then used to study the properties of CC nuclearbound states. In particular, we predict bound states of the qc with He3 and heavier nuclei. Production modes and rates are also discussed.
INTRODUCTION
One of the most interesting anomalies in hadron physics is the remarkable behavior of the spin-spin correlation ANN for pp + pp elastic scattering at 8 have opposite parity. Even though the charm production rate is small, of order of 1 pLb, it can have a large effect on the elastic pp + pp amplitude at 90' since the competing perturbative QCD hard-scattering amplitude at large momentum transfer is also very small at fi = 5 GeV.
In this paper we discuss the possibility of production of hidden charm below threshold in hadronic and nuclear collisions. Consider the reaction pd + (cC)He3 where the charmonium state is produced nearly at rest. At the threshold for charm production, the incident nuclei will be nearly stopped (in the center of mass frame) and will fuse into a compound nucleus (the He3 ) because of the strong attractive nuclear force. The charmonium state will be attracted to the nucleus by the QCD gluonic van der Waals force. One thus expects strong final state interactions near threshold. In fact, we shall argue that the CC system will bind to the He3 nucleus.
It is thus likely that a new type of exotic nuclear bound state will be formed: charmonium bound to nuclear matter.
Such a state should be observable at a distinct pd energy, spread by the width of the charmonium state, and it will decay to unique signatures such as pd + He3yy. The binding energy in the nucleus gives a measure of the charmonium's interactions with ordinary hadrons and nuclei; its decays will measure hadron-nucleus interactions and test color transparency starting from a unique initial state condition.
THE QCD VAN DER WAALS INTERACTION
In quantum chromodynamics, a heavy quarkonium Qs state such as the qc interacts with a nucleon or nucleus through multiple gluon exchange. This is the-QCD analogue of the attractive QED van der Waals potential. Unlike QED, the potential cannot have an inverse power-law at large distances because of the absence of zero mass gluonium states.3 Since the (Q&) and nucleons have no quarks in common, the quark interchange (or equivalently the effective meson exchange) potential should be negligible.
Since there is no Pauli blocking, the effective quarkonium-nuclear interaction will not have a short-range repulsion.
The QCD van der Waals interaction is the simplest example of a nuclear force in &CD. In this paper we shall show that this potential is sufficiently strong to bind quarkonium states such as the 7, and r]b to nuclear matter. The signal for such states will be narrow peaks in energy in the production cross section.
On general grounds one expects that the effective non-relativistic potential between heavy quarkonium and nucleons can be parameterized by a Yukawa form $lA
Here ,0 = 1.85 GeV-1 is the pomeron-quark coupling constant, and A is the nucleon number of the nucleus. To first approximation the form factors can be identified with the helicity-zero meson and nuclear electromagnetic form factors. We assume that ,B is independent of the meson type and nucleus. This is reasonable even for the 77~ or J/G since the radius of the lowest charmonium state is N 0.5 fm, not very different than the pion radius.
Equation (2) gives a reasonable parameterization of the s-independent elastic hadron-hadron and hadron-nucleus scattering cross sections from very low to very high energies. Ignoring corrections due to eikonalization, we can identify the cross section at s >> ItI with that due to the vector Yukawa potential
We calculate the effective coupling a and the range ~1 from (da/dt)'i2 and its reflecting the smearing of the local interaction over the nuclear volume.
In the case of vc nucleus interactions, the QCD van der Waals potential is effectively the only QCD interaction. In the threshold regime the qc is non-relativistic, and an effective-potential Schrodinger equation of motion is applicable. To first approximation we will treat the qc as a stable particle. The effective potential is then real since higher energy intermediate states from charmonium or nuclear excitations should not be important.
We compute the binding energy using the variational wavefunction $(r) = The momentum distribution of the outgoing nucleus in the center-of-mass frame is given by dN/d3p = l$(p312. Thus th e momentum distribution gives a direct measure of the cc-nuclear wavefunction. The width of the momentum distribution is given by the wavefunction parameter y, which is tabulated in Table I .
TlG kinematics for several different reactions are given in Table II . From the uncertainty principle we expect that the final state momentum j'is related inversely to the uncertainty in the CC position when it decays. By measuring the binding energy and recoil momentum distribution in p', one determines the Schrodinger wavefunction, which then can be easily inverted to give the quarkonium-nuclear potential.
Energy conservation in the center of mass implies
Here A!lL = (l/Mx + l/M~)-l is the reduced mass of the final state system. The missing invariant mass is always less than the mass of the free 7, :
thus the invariant mass varies with the recoil momentum. The mass deficit can be understood as the result of the fact that the Q decays off its energy shell when bound to the nucleus.
More information is obtained by studying completely specified final statesexclusive channels such as pd -+ yy He 3. Observation of the two-photon decay of the Q would be a decisive signal for nuclear-bound quarkonia. The position of the bound CC at the instant of its decay is distributed in the nuclear volume according to the eigen-wavefunction $(q. Thus the hadronic decays of the CC system allows the study of the propagation of hadrons through the nucleus starting from a wavepacket centered on the nucleus, a novel initial condition. In each case, the initial state condition for the decay is specified by the Schrodinger wavefunction with specific orbital and spin quantum numbers. Consider, then, the decay qc + pi. As the nucleons transit the nuclear medium, their outgoing wave will be modified by 
POSSIBILITY OF J/+-NUCLEUS BOUND STATES
The interactions of the J/lc, and other excited states of charmonium in nuclear matter are more complicated than the qc interaction because of the possibility of spin-exchange interactions which allow the CC system to couple to the qc. This effect, illustrated in Fig. 2 , adds inelasticity to the effective CC nuclear potential.
In effect the bound J/+ -H e3 can decay to qc d p and its width will change from tens of KeV to MeV. However if the J/$-nucleus binding is sufficiently strong, then the Q plus nuclear continuum states may not be allowed kinematically, and the bound J/+ could then retain its narrow width, N 70 KeV. As seen in Table I this appears to be the case for the J/1c, -H e4 system. An important signature for the bound vector charmonium state will be the exclusive @e-plus nucleus final state.
The narrowness of the charmonium states implies that the charmonium-nucleus bound state is formed at a sharp distinct cm energy, spread by the total width I and the much smaller probability that it will decay back to the initial state. By duality the product of the cross section peak times its width should be roughly a constant. Thus the narrowness of the resonant energy leads to a large multiple of the peak cross section, favoring experiments with good incident energy resolution.
The formation cross section is thus characterized by a series of narrow spikes corresponding to the binding of the various CC states. In principle there could be higher orbital or higher angular momentum bound state excitations of the quarkonium-nuclear system. In the case of J/lc, bound to spin-half nuclei, we predict a hyperfine separation of the L = 0 ground state corresponding to states of total spin J = 3/2 and J = l/2. Th is separation will measure the gluonic magnetic moment of the nucleus and that of the J/$. M easurements of the binding energies could in principle be done with excellent precision, thus determining fundamental hadronic measures with high accuracy. 
CONCLUSIONS
In QCD, the nuclear forces are identified with the residual strong color inter-'r actions due to quark interchange and multiple-gluon exchange.
Because of the identity of the quark constituents of nucleons, a short-range repulsive component is also present (Pauli-blocking). From this perspective, the study of heavy quarkonium interactions in nuclear matter is particularly interesting: due to the distinct flavors of the quarks involved in the quarkonium-nucleon interaction there is no quark exchange to first order in elastic processes, and thus no one-meson-exchange potential from which to build a standard nuclear potential. For the same reason, there is no Pauli-blocking and consequently no short-range nuclear repulsion. The nuclear interaction in this case is purely gluonic and thus of a different nature from the usual nuclear forces.
We have discussed the signals for recognizing quarkonium bound in nuclei. The production of nuclear-bound quarkonium would be the first realization of hadronic nuclei with exotic components bound by a purely gluonic potential. Furthermore, the charmonium -nucleon interaction would provide the dynamical basis for un- Table I Binding energies E = 1 < H > 1 of the qC and 776 to various nuclei, in GeV. Here y (in GeV) is the range parameter of the variational wavefunction, and p (in GeV) and Q are the parameters of the Yukawa potential. The data for < R; >lj2 (in GeV-') are from ref. Table 11 Kinematics for the production of vC-nucleus bound states. All quantities are given in GeV.
Figure Captions
Formation of the (CC) -He3 bound state in the process pd --+ He3X. Fig. 1 . 
